The near ultraviolet-visible absorption spectrum of disulfur monoxide ( S 2 O) has been theoretically studied by using the time-dependent density functional theory (TD-DFT) and the equation of motion coupled-cluster singles and doubles approach (EOM-CCSD) combined with the AUG-cc-PVQZ basis set. From this, analytical expressions for the absorption coefficient over the 250 -340 nm range are reported for the first time. The computed molecular structure and the vibrational frequencies for the ground and third electronically excited state S 2 O (C 1 A ), responsible of the observed spectrum, are compared with available data.
Introduction
In addition to the well identified sulfur dioxide ( SO 2 ) molecule, the presence of disulfur monoxide ( S 2 O) has been proposed to explain some relevant spectral features of the surface of Io, Jupiter's moon. Modelling calculations suggest the formation of up to 6% of S 2 O from equilibrated SO 2 / S 2 mixtures near the volcanoes of Io [1] . This species also participates in the Venus sulfur chemistry, which determines the composition of the middle atmosphere [2] . The sulfur oxide obtained by streaming SO 2 at low pressure through a high voltage electric discharge [3] is at present known as disulfur monoxide S 2 O [4, 5] . The electronic absorption spectrum [6 -10] has been investigated in detail. The S 2 O exhibits two absorption regions, one extending from 250 to 340 nm, and the other from 190 to 230 nm. In particular, the first region presents an intense and richly-structured absorption band picket at about 295 nm. Although vibrational analysis studies of this band have been reported [6 -10] , surprisingly no absorption coefficient data are available. Due to the fact that this information is relevant for future photochemical, kinetic, and modelling studies of planetary importance, a theoretical study on the basis of the complete near-UV spectrum of S 2 O measured by Phillips et al. [8] has been undertaken.
Computational Methods
Electronic excitation energies of valence excited states which can be described by combinations of single one electron transitions can be reasonably well described by the time-dependent density functional theory (TD-DFT) theory. However, due to the fact that a mathematical expression for the real exchange-correlation functional in DFT is unknown [11] , a large number of specific and general approaches have been proposed. For this reason, different formulations are usually employed and the resulting data are normally confronted with experiments. In this study the following hybrid funtionals were employed: B3LYP, O3LYP, X3LYP, B1LYP, mPW1LYP, B3PW91, B97-2, B98, PBE1PBE, mPW1PW91, BMK, M06-2X, tHCTHhyb, wB97XD, CAM-B3LYP, and HSEh1PBE. In addition, the excitation energies were computed using the state-of-the-art equation of motion coupled-cluster singles and doubles method (EOM-CCSD). For all models the large AUGcc-pVQZ basis set was used [12] . The present EOM-CCSD calculations are based on B3LYP optimized geometries. All mentioned methods are implemented in the employed Gaussian suite of programs [13] .
Absorption Spectrum
The S 2 O absorption spectrum of S 2 O trapped in a xenon matrix at 20 K (up to three units of absorbance scale) is depicted in Figure 1 [8] . The spectrum consists in a single progression of vibrational bands (S-S stretching mode) very similar to the observed in the gaseous phase and at room temperature [6, 7] . It is interesting to note that a recent low temperature matrix spectrum, only limited to the 320 -340 nm range, shows an identical structure for the first four vibrational levels of S 2 O [14] . Our calculations show that to cover the near-UV region of the experimental spectrum, only the third singlet-singlet valence electronic transition of S 2 O is required. In fact, the first two EOM-CCSD electronic transitions, as indicated by the very low oscillator strengths f , exhibit negligible intensity and, above the third, the more important transitions are the sixth and the eighth located at 178 nm ( f = 0.0089) and 167 nm ( f = 0.0717), respectively.
The vertical excitation energies E m , the associated wavelengths λ m , the f values, the structural parameters, and harmonic vibrational frequencies for both, the ground and the third electronically excited state are listed in Table 1 . Additional TD-DFT calculations carried out with different basis sets lead to essentially similar results. By instance, the alternative use of the 6-311+G(3d2f) Pople's basis set [15] , of the AUG-ccpVQZ basis set with the inclusion of tight d-functions or 2df-functions, or even of the larger AUG-cc-pV5Z basis set does not affect λ m and f significantly. In fact, the resulting values obtained with the B3LYP functional are: λ m = 284 nm and f = 0.0646 (6-311+G(3d2f)); λ m = 284 nm and f = 0.0644 (AUG-cc-pV(Q+d)Z); λ m = 284 nm and f = 0.0642 (AUG-cc-pV(Q+2df)Z); and λ m = 288 nm and f = 0.0640 (AUG-cc-pV5Z). As Table 1 shows, these values are in very good agreement with those obtained with the AUG-cc-pVQZ basis set.
Despite the different generation of exchange and correlation funtionals employed, similar results were found and, thus, no approach can be definitely attributed superior to the rest. Therefore, for simplicity, no individual theoretical method is discussed. All data were averaged to facilitate the comparison with available experimental and theoretical data. In this way, the TD-DFT average values of E m = 4.38 ± 0.06 eV (λ m = 283 ± 4 nm) and f = 0.0697±0.005 were derived. As Table 1 shows, the EOM-CCSD value for the band localization, 4.44 eV (λ m = 279 nm), is within the above given deviation. However, the oscillator strength is ≈ 25% larger than those provided by the TD-DFT methods. The theoretical predictions, when compared with the experimental value of about 4.2 eV (≈ 295 nm), lead to a center of band position shifted in about + 0.2 eV. A similar behaviour has been observed for the three absorption bands of the CF 3 OSO 3 radical [16] . It should be noted that typical deviations of 0.3 -0.4 eV (TD-DFT) [17, 18] and 0.2 -0.3 eV (EOM-CCSD) [18] have been reported for a large number of small-to mediumsized molecules. On the other hand, all computed f values of Table 1 lie in between the notably discrepant values of 0.17 [19] and ≈ 0.026 [20] derived from measured radiative lifetimes of the C 1 A state.
The calculations indicate that the largest spin coefficient for the third excited state is c 18→21 = 0.670 ± 0.001 (average of all employed methods), and corresponds to the excitation from the molecular orbital 18 to the molecular orbital 21 (π → π * transition located along the S-S bond). The resulting contribution percentage of this configuration is given by 100 × 2 × c 2 18→21 = 90%, where the factor 2 accounts for two contributions in a properly spin-adapted eigenfunction.
To a best comparison between experimental and theoretical results, the decadic absorption coefficient ε (in units M −1 cm −1 ) over the relevant energy range was calculated as [16] 
Here the band form is represented by a Gaussian func-
, with a full width of the band at 1 e height of σ , and an energy maximum of E m =hc/λ m , whereh is Planck's constant and c the velocity of light in a vacuum. As usual, the σ parameter was used to match the theoretical and experimental spectra.
To compare the theoretical with the experimental data, the transformation of the absorbances (measurements performed up to three units of absorbance scale [6] ) to absorption coefficients is required. However, because neither the optical pathway l as defined by the thickness of the S 2 O deposited in the cryogenic matrix nor the S 2 O concentration c are known, the absorbances were appropriately scaled to transform to absorption coefficients [16] . In fact, an scaling factor of 1 lc =7634 M −1 cm −1 has been recently employed to reproduce over the 220 -540 nm range, the spectrum of Table 1 . Vertical excitation energies, wavelengths, oscillator strengths, S-S and S-O bond lengths, bond angles, and the corresponding harmonic vibrational frequencies (see text). For all calculations, the basis set AUG-cc-pVQZ was used. Each first line gives the values for the electronically excited state, each second line those for the ground electronic state. Level the CF 3 OSO 3 radical deposited in a neon matrix at 6 K [16] . For the present case, we have modelled the spectrum employing the f value predicted by the EOM-CCSD calculations and shifted the computed average λ m of 283 nm in only −12 nm to superpose the maxima values of experimental and theoretical curves. In the absence of a reliable theoretical foundation for the vibrational broadening, the bandwidth σ = 0.20 eV and the scaling factor 1950 M −1 cm −1 were employed to account for the spectrum shape. It should be noted that this σ value is almost equal to the found for the more complicated three-band spectrum of the CF 3 OSO 3 radical of 0.21 eV [16] . As Figure 1 shows, neglecting the vibronic structure, the resulting theoretical curve reproduces acceptably well the global contour of the spectrum above ≈ 285 nm. As above mentioned, no relevant electronic transitions are present up to about 6.9 eV (≈ 180 nm), therefore, the departure from the simple Gaussian shape could be attributed to the well established predissociation within the electronically-excited manifold, leading to ground state S and SO species [21] .
To practical purposes (i. e., for photochemical and kinetics studies of second-order reactions) realistic values of ε vs. λ are highly desirable. In the absence of direct measurements of the S 2 O absorption coefficient, and on the basis of the above analysis, the spectrum can be accurately fitted by a sum of single Gaussian functions. The resulting function, which accounts for the vibrational structure of the spectrum, is the following:
where ν = 1 λ . The curve depicted in Figure 1 has been obtained using the A i , ω i , and ν i specific coefficients for the ith vibrational state listed in Table 2 .
Molecular Structure and Harmonic Vibrational Frequencies
The extensive band system suggests a substantial geometry change after the electronic excitation to the third [5, 22] . As Table 1 shows, after excitation, the S-S bond weakening yields a marked reduction in the frequency values. The resulting average values for the S-S stretching, S-O stretching, and bending modes are: 409 ± 19, 1105 ± 26, and 255 ± 8 cm −1 (excited state) and 702 ± 18, 1215 ± 26, and 387 ± 6 cm −1 (ground state). For both electronic states, the S-S stretching and bending degrees of freedom agree reasonably well with the infrared values of 405 [19, 23] and 415.2 cm −1 [20] , and 252 [19] and 253 cm −1 [23] (excited state) and 679 and 388 cm −1 (ground state) [5, 18, 20] . However, our computed values for the S-O stretching overestimates the experimental values of 1030 [19] and 1032 cm −1 [23] (excited state), and 1165 cm −1 (ground state) [7, 22, 24] .
Conclusion
This study allows to reproduce the observed features of the S 2 O spectrum between 270 and 340 nm and to transform the absorbance data of [6] on an absolute basis, useful for future kinetics and planetary simulations. Besides, the obtained structural and infrared spectroscopic properties of the S 2 O (C 1 A ) are quite consistent with the experimental ones, supporting the presented theoretical analysis of the spectrum.
